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Abstract: Alterations of fish behavioral responses are sensitive indicators to identify 
accidental chemical pollution. In this research, a series of exposure tests were conducted to 
investigate behavioral changes of adult zebrafish {Danio rerio) exposed to deltamethrin 
(DM) in six concentrations of 0, 0.15, 1.5, 3.75, 7.5 and 15 |ig/L. Swimming changes in 
zebrafish were detected at a concentration as low as 1% of the LC5o-24h within five hours. 
Hyperactivity was the first response, followed by a second response of fish surfacing. 
The change patterns of swimming speed in zebrafish were similar in all exposure groups, 
but the degree increased with increasing concentrations. Swimming speed and depth were 
altered within the first two hours after exposure, which was regarded as the most vital 
phase for water quality monitoring. The duration of hyperactivity and the time of zebrafish 
surfacing were both logarithmically correlated with exposure concentrations, which was 
helpful to distinguish the level of pollution. 
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1. Introduction 

Pyrethroid insecticides are being used as viable substitutes for organochlorine and organophosphate 
ones in pest-control programs because of their low environmental persistence and toxicity. The use of 
pyrethroids as insecticidal and antiparasitic formulations has markedly increased and recently 
accounted for over 30% of all insecticides used globally [1]. Deltamethrin (DM) is one of the most 
popular synthetic pesticides because of its limited pesticide persistence in soil, high activity against 
a broad spectrum of insect pests and low toxicity to non-target organisms [2]. The widespread use of 
DM has consequently led to high concentrations in surface waters and it has been found to be highly 
toxic to fish, mussels, some beneficial aquatic arthropods and finally, to possibly cause toxic effects to 
the public [3]. Recent studies have found potential hazards of deltamethrin to fetuses, infants, 
and children [4,5]. There is therefore a great and urgent demand to rapidly detect accidental or 
deliberate contamination by deltamethrin, due to its potentially severe consequences to the 
environment and human health. 

Fish are one of the most important aquatic organisms because of their economic value and their 
sensitivity to contaminants, and have been used in a wide range of biological assays. Compared with 
Daphnia magna, shellfish and other aquatic organisms, fish can last for more than one month 
without feeding and are more suitable for long-term monitoring of accidental discharges [6]. 
The rapid behavioral responses seen in fish make them ideal subjects for observation, and analysis of fish 
behavior has been a popular approach to detect changes in the aquatic environment [7]. Viran et at. [8] 
found the responses of loss of equilibrium and hanging vertically in the water of guppy fish 
(Poecilia reticulata) when exposed to DM at all concentrations above 4 |ig/L. Floyd et al. [9] 
also demonstrated that fish experiencing acute exposures to sublethal concentrations of pyrethroid 
insecticides exhibited significant behavioral impairment. The effects of DM on fish biomarkers have 
been extensively investigated and reviewed, but studies on fish behavior for water monitoring are 
still insufficient [10]. 

In China, deltamethrin is a commonly used pesticide for pest control in the agricultural fields 
around freshwater reservoirs and is one of the most important risk materials causing sudden and 
accidental pollution. Zebrafish have been widely used as a prominent model organism in monitoring 
and assessing the effects of contaminants in the aquatic eco-environment, both because they provide 
invaluable comparative material for work on mammals and humans, and because it's easy to determine 
their numbers and behaviors, they are inexpensive, low-maintenance, and produce abundant offspring. 
In the current study, a typical sequence of fish behavior toxicity tests were conducted to measure the 
effects of different concentrations of DM on zebrafish in the form of LC50 values, swimming speed and 
depth. Understanding the behavioral change patterns of zebrafish under sudden stress caused by 
chemicals assists in the development and application of water quality criteria for the protection of the 
aquatic environment. 
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2. Experimental Section 

2.1. Test Species and Test Chemical 

Zebrafish were obtained from the Institute of Hydrobiology and kept under a constant photoperiod 
of 10:14 (L:D) and fed three times per day. Dechlorinated water with a dissolved oxygen concentration 
of 6.8 ± 0.2 mg/L was used and the temperature was maintained at 28.5 ± 1 "^C. Adult zebrafish of similar 
lengths (30 ± 2 mm), age (6-8 months) and body weight (300 ± 2 mg) were selected and acclimated for 
three weeks in a glass tank before experiments. Deltamethrin, ((5)-a-cyano-3-phenoxybenzyl (li?,3i?)-3 
-(2,2-dibromovinyl)-2,2-dimethylcyclopropan- 1 -carboxylate, CAS Registry No. : 529 1 8-63-5), 
was obtained from the Shanghai Pesticides Research Institute (Shanghai, China). 

2.2. Experimental Setup 

2.2.1. Acute Toxicity Test 

Experiments were performed according to the Organization for Economic Cooperation and 
Development (OECD) standard method [11] to determine the LC5o-24h of zebrafish. Mortality was 
controlled 6, 12 and 24 h after the start of the tests. Dead individuals were removed immediately. 
Acute toxicity test was carried out according to Polat et al. [12]. 

2.2.2. Behavioral Response Monitoring 

Subsequently, six groups of fish {n = 5) was exposed to 0, 0.15, 1.5, 3.75, 7.5 and 15 |ig/L of 
DM for behavior monitoring. Measurements were performed at the same period of the day, 
under similar illuminance level (200 Ix) and without noise. Three male and two female adult zebrafish 
were selected in each experiment and then transferred into the rectangular test tank (400 x 75 x 300 mm). 
A real-time CCD camera (SDZ-371P; Samsung, Tianjin, China) was placed in the front of the test tank 
to record the swimming trajectories of the five zebrafish (Figure 1). 

Figure 1. Experimental setup for behavioral measurement of zebrafish. 




Images from the camera were sent to a computer at nearly 10-12 frames per second and then 
converted into two-dimensional data, x and y coordinates, which facilitated subsequent quantification of 
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fish behavior including average swimming speed and depth. In order to reduce the signal capture errors, 
the median of speed and depth at 1 min intervals were extracted for analysis in this study. 
The test solution was delivered by a pump (APS 100, JEBO, Zhongshan, China) with a continuous cycle 
flow through system (flow rate, 1 L/min). Experiments were performed according to Barry [13] 
and Beauvais et at. [14]. The swimming behavior of the test flsh was recorded and observed for a total 
of 6 h. In the first hour, dechlorinated water was delivered for recording the unexposed behavior as a 
reference for the toxicity assessment. Then, the test solution was released into the test chamber for 5 h. 

2.3. Data Analysis 

We performed statistical analysis of fish responses under exposed and unexposed conditions at 1 min 
intervals for behavioral parameters. The values during each interval were compared to the values 
during the initial 60 min of the exposure test before exposure (unexposed conditions). Differences in 
endpoints were checked for assumptions of homogeneity of variance across treatments by Levene's test, 
analysed by one-way analysis of variance (ANOVA) and then tested by Dunett's test. 
When homogeneity was not observed, nonparametric statistical comparisons (Wilcoxon-test) were 
used to detect differences between unexposed and exposed conditions. Statistical tests were done using 
the SPSS 13.0 computer program (SPSS Inc. Chicago, IL, USA). Differences between means were 
considered significant when < 0.05. 

3. Results 

3.1. Acute Toxicity Test 

The results obtained from acute static 24 h toxicity experiments of DM for zebrafish and estimated 
LC50 values, slope and confidence limits are listed in Table 1 . The LC5o-24h of DM for zebrafish was 
found to be 14.43 =t 1.031 |ig/L. Rapid gill movement, erratic swimming, swimming in a corkscrew 
manner, rapid opercular movement, swimming at the water surface and "gulping for air" were observed 
clearly in all concentrations above 7 |ig/L. Fish were less active or inactive, remaining vertically in the 
water or laid on one side and in some cases still at the bottom of the tank just moments before death. 
Previous studies indicated the high toxicity of DM to fish species and our results were in good 
agreement with previous reports [8,15]. 

Table 1. Acute toxicity (LC5o-24h), slope and 95% confidence limits of DM to zebrafish. 









95% Confidence Limit 


Pesticide 


Slope 


LC50-24h (^g/L) " 








Upper limit 


Lower limit 


Deltamethrin 


5.4621 


14.43 ± 1.031 


15.36 


13.56 



3.2. Behavioral Responses of Zebrafish to DM 

Although variations existed between individuals, the data obtained fi*om our behavioral monitoring 
system showed that fish behavior in the control group remained stable over the experimental period. 
The behavior did not vary significantly between the control group and unexposed condition in the 
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toxic exposure tests (Table 2, p > 0.05). The speed of zebrafish varied mainly in a certain range 
of 25-60 mm/s (Figure 2). 

Table 2. Summary of statistical comparisons of fish responses under unexposed conditions 
and under exposure to DM. Data represent Mean ± SD of three independent experiments. 
The values during each 1-min interval were compared to the interval of the initial 60 min. 



Time Interval (min) 



Concentration (^ig/L) 









0 


0.15 


1.5 


3.75 


7.5 


15 






0-60 


39.6 ±5.8 


39.6± 1.1 


42.3 ±2.5 


48.7 ±3.4 


46.7 ±3.8 


43 ± 4.4 






60-120 


38 ±4.7 


49.7 ±5.9 


58.6 ±6.7 


58 ±9.9 


61.2 ±7.8 * 


54 ±6.8 * 


Speed 


Average 


120-180 
180-240 


42.6 ±4.3 
42.3 ±3.5 


48.6 ± 1.5 
32.8 ± 1.9 


57.6 ±9 
42.3 ± 9.2 


32.3 ±9.5 
22 ±5.4* 


46.7 ± 11.2 
38.4 ±3.2 


31.3 ±9.6 
31.1 ± 11.8 




240-300 


44 ± 6.7 


27.0 ±5.8 


41.9± 18 


18.2 ± 16.9* 


37.3 ±9.5 


36.9 ± 12 






300-360 


41.8 ± 10.5 


28.06 ±7.18 


42.5 ± 12.9 


19.4 ± 16* 


38.6 ±7.8 


38.2 ± 14.1 




Max 


0-60 
60-360 


52 ±7.3 
60.6 ±8.3 


55.7 ±4.3 
64.26 ±2.8 


57.4 ±4.8 
87.1 ± 13.4* 


61.3 ± 1.4 
79.8 ±9.3 * 


59.9 ± 11.2 
84.9 ± 9.4 * 


60.5 ± 0.6 
99.5 ±5.4* 






0-60 


156.9 ± 17 


177.1 ±25.4 


173.9 ±28.7 


157.5 ±25.6 


126.1 ±21.2 


131.5 ±36.3 






60-120 


142.1 ±9.8 


179.2 ± 11.9 


187.8 ±6.5 


163.1 ± 10.2 


178 ± 19.6 


164.2 ±41.1 




Average 


120-180 


135.4 ±24.2 


169.5 ± 10.9 


189.1 ±31.5 


193.3 ±14.2* 


181.2 ±36.7* 


199.4 ±38.3 * 


Depth 


120-240 


128.7 ± 13.7 


176.6 ± 15.2 


198.6 ± 15.2 


189.3 ±8.8 * 


212.9 ±9.7* 


219.9 ±21 * 




240-300 


144.5 ± 17.5 


160.2 ±31 


209.8±5 * 


168.7 ±37.6 


192.2 ±27.6* 


244.7 ± 7.6 * 






300-360 


137.2 ±19.9 


171.7 ±36.7 


221.9 ±3.4* 


121.9±47.1 


215.2±31.8 * 


228.8 ±5.4* 




Max 


0-60 
60-360 


232 ±22.8 
252.5 ± 15.8 


241.5 ±28.8 
258.4 ±9.1 


237.3 ±23 
271.8 ± 14.5 


236.2 ±2.6 
294.2 ± 10.2 * 


191.8±21.2 
285.2 ±25 * 


216.7 ±21.2 
269.9 ±6.1 * 



Note: * a significant differences from control (p < 0.05). 

Figure 2. The effects of sublethal DM concentrations on the behavioral changes of 
zebrafish. The solid and hatched bars at the bottom of graphs indicated the period in which 
unexposed and exposed swimming speed were measured, respectively. 
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Zebrafish were distributed uniformly across the vertical position intervals, and the average depth 
was mostly within the range from the 100 to 200 mm (Figure 3). Therefore, these results were taken as 
standards for the entire experimentation. 

Figure 3. The effects of sublethal DM on swimming depth of zebrafish. The hatched and 
solid bars at the bottom of graphs indicated the period in which unexposed and exposed 
swimming speed were measured, respectively. 




Time (min) jimQ (min) Time (min) 

The behavioral response patterns of zebrafish exposed to DM in all concentration tests were similar 
and time-dependent. Exposures to DM significantly increased swimming speed during the initial 
stages of exposure, however, after a period of hyperactivity, the decreased sharply to equal or less than 
unexposed conditions (Figure 2). As shown in Table 2, the swimming speed in the lowest concentration 
(0.15 |ig/L) was increased from the average 39.6 mm/s to 49.7 mm/s, and increased in the highest DM 
concentration (15 |ig/L) from 43.0 mm/s to 54.0 mm/s. 

The maximum speed increased with increasing concentration (Figure 4), even up to 99.5 mm/s 
for 15 |ig/L exposure. Higher exposure concentrations led to greater changes of swimming activity, 
but shorter hyperactivity duration time. After a period of hyperactivity, fish slowly became lethargic, 
restless, and secreted excess mucus all over the body. The average speed decreased to equal or lower 
than unexposed conditions. 

Unlike the dramatic changes of speed, swimming depth suffered a gradual increasing trend after 
exposure. Zebrafish surfaced more frequently than unexposed fish and the swimming depth fluctuated 
within the range from 200 to 300 mm in each exposure concentration (Figure 3). 
However, these changes did not occur immediately after exposure. Higher concentration resulted in an 
earlier accumulation to reach the threshold value of hypoxia in a shorter time. The swimming depth in 
the lowest concentration (0.15 |ig/L) was higher than 200 mm after 210 min exposure but only after 13 
min exposure in the highest DM concentration (15 |ig/L). 
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Figure 4. Time until detection of abnormal behaviour in a concentration-dependent manner. 
Reductions in the duration time of hyperactivity and the time swimming depth starting to 
change were significantly correlated with increased concentration (r^ = 0.9510, 
p < 0.05 and / = 0.9969,/? < 0.05, respectively). All error bars represent SD of group means. 




0 2 4 6 8 10 12 14 16 
Deltamethrin (ug/L) 

There were also obvious concentration-response relationships between DM and the behavioral 
responses of zebrafish. Compared to the controls, the duration time of hyperactivity of zebrafish in the 
lowest concentration (0.15 |ig/L) DM lasted for nearly 140 min, followed by a gradually decreasing 
trend. At the highest DM concentration (15 |ig/L), the fish were less tolerant and the behavioural 
strength changed very rapidly, with only 23 min from sudden increase and sharp decrease to a lower 
level. The mean duration of hyperactivity and exposure concentration were significantly correlated 
(logarithm correlation (y = 82.8 - 23.52 x ln(x - 0.04), = 0.9510, Figure 4). Swimming depth 
increased immediately after speed recovered at the highest concentration exposure (15 |ig/L), started to 
increase within 30 min after hyperactivity with medium concentration exposure (3.75 |ig/L) and 
120 min after hyperactivity for the lowest concentration exposure (1.5 |ig/L). Exposure concentration 
and the time of swimming depth starting to change were also significantly correlated (logarithm 
correlation (y = 129.31 - 38.23 x ln(x - 0.006), = 0.9969, Figure 4). By comparing the duration of 
hyperactivity and the time until detection of surfacing, it could be identified that the time gap between 
them decreased with the increased concentration. 

4. Discussion and Conclusions 

Despite the variations between individuals, swimming speed and depth remained stable over the 
experimental period under control conditions and significantly increased in the lowest concentration 
exposure (0.15 |ig/L). Alterations in swimming behavior have been detected during exposures to 
various contaminants at concentrations as low as 0.7% to 5% of their LC50 values [16]. 
This study showed that swimming changes in zebrafish could be detected for concentrations of DM as 
low as 1% of the LC5o-24h within five hours. Behavioral responses are faster and more sensitive toxicity 
parameters than mortality, which also indicated that fish behavioral changes were more suitable for the 
on-line monitoring for accidental discharges of DM. 
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The results of this study suggested that the behavioral responses of zebrafish to different DM 
concentrationss tended to be similar. In all of the experimental treatments, swimming speed increased 
significantly during the initial stages of exposure, followed by a loss of movement and increased 
swimming depth. Organisms display a time-dependent sequence of behavioral stress responses during 
exposure to pollutants above their respective thresholds of resistance [17]. The concentrations in this 
study were above the threshold concentration and swimming speed increased to escape the polluted 
aquatic environment during the first few minutes after exposure (avoidance behavior). 
Higher concentrations led to greater increases in fish behavioral strength, but shorter duration time 
during the first phase behavioral response. The maximum increase rate was 68% in the 0.15 |ig/L group 
and the duration of hyperactivity lasted for almost 140 min. In the 15 |ig/L exposure, by contrast, 
the maximum was 189% and hyperactivity only sustained for 23 min. Certain DM concentrations would 
be too high for zebrafish to maintain high behavioral strength and then the activity of fish locomotion 
tended to decrease gradually until the second responses occur under continued exposure. The increase of 
swimming activity when aquatic animals encounter pollutants was also observed in several studies of 
other species such as Japanese medaka {Oryzias latipes), Estuarine calanoid copepod 
(Eurytemora affinis) [10], Gammarus pulex [18] andRotifera [19]. 

A frequently studied physiological correlate of behavioral change is brain cholinesterase activity. 
Beauvais et al. [14] and Brewer et al [20] found a correlation between changes in swimming speed 
and brain ChE activity induced by exposure to diazinon and malathion. Deltamethrin has also been 
proved to be an inhibitor or stimulator of acetylcholinesterase (AChE) activity in the brain of zebrafish 
causing severe neurotoxicity, which may correlate positively with changes in swimming speed [21]. 
Higher concentration made more obvious changes in the activity of AChE, which led to the greater 
degree of hyperactivity. Similar results have been observed in natural ecosystems polluted with 
organophosphates, carbamates, and other pollutants [22,23]. 

If the first response of hyperactivity resembled an escape reaction allowing zebrafish to evade 
stressful conditions, surfacing behavior was a result of a chemical exposure. With increasing exposure 
time, chemicals accumulated in tissues, such as gills, liver and kidney, and caused tissue damage. 
DM can be highly absorbed by the fish gills and caused severe respiratory impairment because of its 
lipophilic features, which made fish stay near the water surface to get more oxygen [24]. The range of 
swimming depth changed from 100-200 to 200-300 mm in each exposure concentration, 
which indicated that zebrafish preferred to stay within the area just below the water-surface. 
Kang et al. [25] also indicated that the duration of surfacing behavior was a useful endpoint to analysis 
the effects of KCN, NaCN, and aldicarb on Japanese medaka. However, the time until detection of 
staying on the surface has a 20-200 min delay compared with the hyperactivity phenomenon. 
Higher concentrations led to greater behavioral changes and metabolism, causing a greater accumulation 
to reach the threshold value of hypoxia in a shorter time [26], so the time gap between hyperactivity and 
surfacing decreased more, especially in the 7.5 and 15 |ig/L groups. Gerhardt [27] also proved that the 
ventilation damage resulted from a higher threshold of both response intensity and 
contaminant concentration. 

The results showed that the first two hours after exposure to DM were the most important phase 
for monitoring water quality by fish behavioural changes. As the first response to chemicals, avoidance 
with increased speed was considered as the most important endpoint. However, hyperactivity also 
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presented by other physiological stimuli, such as sudden noise, strong light and other disturbances, 
which were the primary cause of false alarms of these fish behavioral monitoring systems in water 
quality applications [28]. A second response of changes in swimming depth later on with continued 
exposure, might be a good standard to discern between true and false system warnings. The duration of 
hyperactivity and the time of zebrafish starting to change were both logarithmically correlated with 
exposure concentration, which was helpful to distinguish the level of pollution. 

In addition, there were only two endpoints used in this paper (swimming speed and depth), 
so further research on the complexity of the trajectory and characteristic of fish schools is required to 
increase the significance and usefulness of fish behavioral indicators for water quality monitoring or 
ecotoxicological effect assessment. 

Acknowledgments 

This work was supported by the "Major Science and Technology Program for Water Pollution 
Control and Treatment" (No. 2009ZX07423-001) and the "Special Project on the Integration of 
Industry, Education and Research of Guangdong Province" (No. 20 12B09 10001 10). 

Author Contributions 

Yi Huang, Jinsong Zhang, Xiaobo Han and Tinglin Huang work together. Specifically, Jinsong Zhang 
brings the idea. Yi Huang and Xiaobo Han design the study, perform the experiments and interpret the 
results. Jinsong Zhang, Xiaobo Han and Tinglin Huang review and modify the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Shukla, Y.; Yadav, A.; Arora, A. Carcinogenic and cocarcinogenic potential of cypermethrin on 
mouse skin. Sci. Irel 2002, 182, 33-41. 

2. Barlow, S.M.; Sullivan, F.M.; Lines, J. Risk assessment of the use of deltamethrin on bednets for 
the prevention of malaria. Food Chem. Toxicol. 2001, 39, 407-422. 

3. Azmi, M.A.; Naqvi, S.N.; Akhtar, K.; Moinuddin; Parveen, S.; Parveen, R.; Aslam, M. Effect of 
pesticide residues on health and blood parameters of farm workers from rural Gadap, Karachi, 
Pakistan. J. Environ. Biol. 2009, 30, 747-756. 

4. Kim, K.; Anand, S.S.; Kim, H.J.; White, C.A.; Fisher, J.W.; Tomero-Velez, R.; Bruckner, J.V. 
Age, dose, and time-dependency of plasma and tissue distribution of deltamethrin in immature rats. 
Toxicol. Sci. 2010, 775, 354-368. 

5. Hines, R.N. Developmental expression of drug metabolizing enzymes: Impact on disposition in 
neonates and young children. Int. J. Pharm. 2013, 452, 3-7. 

6. Ren, Z.M.; Wang, Z.J. Differences in the behavior characteristics between Daphnia magna and 
Japanese madaka in an on-line biomonitoring system (in Chinese). J. Environ. Sci. China 2010, 
22, 703-708. 



Int. J. Environ. Res. Public Health 2014, 11 



3659 



7. Svecevicius, G. Use of behavioral responses of rainbow trout Oncorhynchus mykiss in identifying 
sublethal exposure to hexavalent chromium. Bull. Environ. Contam. Toxicol. 2009, 82, 564-568. 

8. Viran, R.; Erkoc, F.U.; Polat, H.; Kocak, O. Investigation of acute toxicity of deltamethrin on 
guppies (Poecilia reticulata). Ecotoxicol. Environ. Saf. 2003, 55, 82-85. 

9. Floyd, E.Y.; Geist, J.P.; Werner, I. Acute, sublethal exposure to a pyrethroid insecticide alters 
behavior, growth, and predation risk in larvae of the fathead minnow (Pimephales promelas). 
Environ. Toxicol. Chem. 2008, 27, 1780-1787. 

10. Michalec, F.; Holzner, M.; Menu, D.; Hwang, J.; Souissi, S. Behavioral responses of the estuarine 
calanoid copepod Eurytemora affinis to sub-lethal concentrations of waterbome pollutants. 
Aquat. Toxicol. 2013, 138-139, 129-138. 

11. OECD Guidelines for Testing of Chemicals', OECD: Paris, France, 1993. 

12. Polat, H.; Erkoc, F.U.; Viran, R.; Kocak, O. Investigation of acute toxicity of beta-cypermethrin 
on guppies Poecilia reticulata. Chemosphere 2002, 49, 

13. Barry, M.J. Application of a novel open-source program for measuring the effects of toxicants on 
the swimming behavior of large groups of unmarked fish. Chemosphere 2012, 86, 938-944. 

14. Beauvais, S.L.; Jones, S.B.; Parris, J.T.; Brewer, S.K.; Little, E.E. Cholinergic and behavioral 
neurotoxicity of carbaryl and cadmium to larval rainbow trout (Oncorhynchus mykiss). 
Ecotoxicol. Environ. Saf 2001, 49, 84-90. 

15. El-Sayed, Y.S.; Saad, T.T.; El-Bahr, S.M. Acute intoxication of deltamethrin in monosex 
Nile tilapia, Oreochromis niloticus with special reference to the clinical, biochemical and 
haematological effects. Environ. Toxicol. Pharmacol. 2007, 24, 112-211 . 

16. Little, E.E.; Archeski, R.D.; Flerov, B.A.; Kozlovskaya, V.L Behavioral indicators of sublethal 
toxicity in rainbow trout. Arch. Environ. Contam. Toxicol. 1990, 19, 380-385. 

17. Robinson, P.D. Behavioural toxicity of organic chemical contaminants in fish: Application to 
ecological risk assessments (ERAs). Can. J. Fish. Aquat. Sci. 2009, 66, 1179-1188. 

18. Vellinger, C; Gismondi, E.; Felten, V.; Rousselle, P.; Mehennaoui, K.; Parant, M.; Usseglio-Polatera, P. 
Single and combined effects of cadmium and arsenate in Gammarus pulex 
{Crustacea, Amphipoda). Aquat. Toxicol. 2013, 140-141, 106-116. 

19. Guo, R.X.; Ren, X.K.; Ren, H.Q. Assessment the toxic effects of dimethoate to rotifer using 
swimming behavior. Environ. Contam. Toxicol. 2012, 89, 568-571. 

20. Brewer, S.K.; Little, E.E.; Delonay, A.J.; Beauvais, S.L.; Jones, S.B.; EUersieck, M.R. 
Behavioral dysfunctions correlate to altered physiology in rainbow trout (Oncorynchus mykiss) 
exposed to cholinesterase-inhibiting chemicals. Arch. Environ. Contam. Toxicol. 2001, 40, 70-76. 

21. Sandahl, J.F.; Baldwin, D.H.; Jenkins, J.J.; Scholz, N.L. Comparative thresholds for 
acetylcholinesterase inhibition and behavioral impairment in coho salmon exposed to chlorpyrifos. 
Environ. Toxicol. Chem. 2005, 24, 136-145. 

22. Gruber, S.J.; Munn, M.D. Organophosphate and carbamate insecticides in agricultural waters and 
cholinesterase (ChE) inhibition in common carp (Cyprinus carpio). Arch. Environ. Contam. Toxicol. 
1998, 35, 391-396. 

23. De la Torre, F.R.; Ferrari, L.; Salibian, A. Freshwater pollution biomarker: Response of brain 
acetylcholinesterase activity in two fish species. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 
2002, 131, 271-280. 



Int. J. Environ. Res. Public Health 2014, 11 



3660 



24. Sayeed, I.; Parvez, S.; Pandey, S.; Bin-Hafeez, B.; Haque, R.; Raisuddin, S. Oxidative stress 
biomarkers of exposure to deltamethrin in freshwater fish, Channa punctatus Bloch. Ecotoxicol. 
Environ. Saf. 2003, 56, 295-301. 

25. Kang, I.J.; Moroishi, J.; Yamasuga, M.; Kim, S.; Oshima, Y. Swimming behavioral toxicity in 
Japanese medaka (Oryzias latipes) exposed to various chemicals for biological monitoring of 
water quality. Atmos. Biol. Environ. Monit. 2009, 285-293. 

26. Scott, G.R.; Sloman, K.A. The effects of environmental pollutants on complex fish behaviour: 
Integrating behavioural and physiological indicators of toxicity. Aquat. Toxicol. 2004, 68, 369-392. 

27. Gerhardt, A. Aquatic behavioral ecotoxicology — ^Prospects and limitations. Hum. Ecol. Risk Assess. 
2007, 13, 481-491. 

28. Van der Schalie, W.H.; Shedd, T.R.; Knechtges, P.L.; Widder, M.W. Using higher organisms in 
biological early warning systems for real-time toxicity detection. Biosens. Bioelectron. 2001, 16, 
457^65. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/ 3.0/). 



